Abstract: Uropathogenic strains of E. coli isolated from urine of patients with urinary tract infections were tested for antibiotic sensitivity using bio-Merieux kits and ATB-UR 5 expression system. The virulence of strains was evaluated by serum bactericidal assay, macrophage "killing" and bacterial adhesive tests. Survival capability of strains was assessed under starvation in saline. The results showed that quinolone-resistant uropathogenic strains of E. coli exhibit significantly reduced adhesive potential but relatively high resistance to serum and macrophage bactericidity. In contrast to laboratory strains, the quinolone-resistant uropathogenic clinical isolate demonstrated increased viability during starvation in saline. Our study suggests that quinolone-resistant uropathogenic strains are highly adaptable clones of E. coli, which can exhibit compensatory viability potential under unfavorable conditions. The clinical occurrence of such phenotypes is likely to contribute to the survival, persistence and spread strategy of resistant bacteria.
Introduction
Escherichia coli is the most frequently identified causative agent of urinary tract infections. Uropathogenic E. coli strains are responsible for approximately 80% of community-acquired and 30% of hospital-acquired urinary tract infections. The widespread use of quinolones as therapy for urinary tract infections has lead to an increased number of E. coli strains that are resistant to these agents [1] [2] [3] . Recently, mechanisms of quinolone action and resistance have been thoroughly studied and discussed by many authors [4] [5] [6] . Acquisition of quinolone resistance has been commonly associated with reduced fitness and decreased virulence of E. coli strains [7, 8] . Thus, the mechanisms by which quinoloneresistant E. coli strains compensate for this loss of fitness are of special importance for understanding the factors essential for their survival and persistence.
In this respect, the purpose of the present study was to assess the virulence and fitness capacity of quinolone-resistant uropathogenic strains in comparison with quinolone-sensitive uropathogenic and laboratory strains of E. coli.
Experimental Procedures

Bacterial strains
The study used nine strains isolated from the urine of patients with urinary tract infections at Transport Hospital, Sofia. The control was a referent strain 3588 of E. coli purchased from the National Bank of Industrial Microorganisms and Cell cultures, Sofia, Bulgaria, which has stable antibiotic sensitivity characteristics. The strains were identified and tested for antibiotic sensitivity by standard methods using bio-Merieux kits and ATB-UR 5 expression system (Amoxicillin, Amoxicillin/Clavulanic acid, Piperacillin, Cephalothin; Cefuroxime; Cefoxitin; Ceftazidime; Ceftriaxone; Aztreonam; Imipenem; Fosfomycin;
Amikacin; Gentamicin; Netilmicin; Tobramycin, Nalidixic acid; Norfloxacin; Ciprofloxacin; Nitrofurantoin, Co-trimoxazole).
Serum bactericidal assay
The test was carried out according to the method of Pai and De Stephano [9] . Human serum was two-fold diluted. An overnight culture of E. coli was rinsed twice and suspended in saline to 5x10
3 CFU/mL. Bacteria were added to each serum dilution (in 100 µL volumes, 1:1 v/v). Serum dilution ensuring 50% reduction of the initial bacterial inoculum during 120 min incubation of bacteria-serum mixture at 37 o C was accepted as bactericidal titre.
Macrophage "killing" test
Peritoneal macrophages were obtained from ICR mice by standard lavage procedures. After centrifugation, the cells were washed, re-suspended in saline and counted in Bűrker's chamber. Cell viability (>90%) was determined by trypan blue dye exclusion. The killing test was carried out according to the method of Vissar et al. [10] . 106 macrophages per mL and 107 bacterial cells/mL were incubated together in a volume of 500 µL at 37 o C in separate tubes for each time point. At time zero and after 2 h, 400 µL samples of each bacterium-cell suspension were added to 1600 µL of ice-cold distilled water and mixture was left for 1 min to lyse the cells. Afterward, 0.1 mL aliquots from each sample were plated on nutrient agar and incubated at 37 o C for 24 h. The number of CFU was determined by the standard colony counting method. The results were expressed as "killing index" (ratio of the initial bacterial number at time zero and the bacterial number after 2 h incubation with macrophages).
Measurement of bacterial adhesion to silicone urinary catheter
Segments of silicon urinary catheter (Folec siliconetreated latex Foley catheter) of length 3 cm were each exposed to 0.1 mL of bacterial suspension with density of 108 cells/mL and then incubated at 37 o C for 1 h. After incubation, the catheter segments were washed with saline and transferred to tubes with 5 mL nutrient broth containing 0.01% Tween. The adhesed bacteria were detached from the catheter segment surface by sonication. The number of viable bacteria was determined by standard colony counting method and expressed as CFU/mL.
Evaluation of strain survival capability under starvation in saline
For the starvation experiment, selected bacterial strains were grown in nutrient agar overnight at 37 o C. Then, 500 µL of bacterial suspension with a concentration of 1×10 6 CFU/mL was inoculated into 4.5 mL of saline and incubated at 37 o C for 21 days. At periodic intervals, aliquots of 50 µL were plated on nutrient agar and after a 24 h incubation at 37 o C the number of CFU was determined. At each time point, the morphology of E. coli cells was examined microscopically in Gramstained preparations.
Statistical analysis
Results were expressed as mean values ± standard deviation. Student's t-test was used to assess the significance of differences within experiments. Statistical significance was defined as P<0.05. Experiments were repeated three times.
Results
All strains showed sensitivity to 12 of the antimicrobial agents (Cefoxitin, Ceftazidime, Ceftriaxone; Aztreonam, Imipenem, Fosfomycin, Amikacin, Gentamicin, Netilmicin, Tobramycin, Nitrofurantoin and Cotrimoxazole). Sensitivity/resistance differed for the other eight agents (Amoxicillin, Amoxicillin/Clavulanic acid, Piperacillin, Cephalothin, Cefuroxime, Nalidixic acid, Norfloxacin, and Ciprofloxacin). As shown in Table 1 , uropathogenic strain 2 displayed resistance to seven antibacterial agents and strains 1 and 5 to four antibacterial agents. Strains 1, 2 and 5 were resistant to all three quinolones tested (Nalidixic acid, Norfloxacin and Ciprofloxacin).
Results from the adhesion tests showed that uropathogenic strains 3, 6, 7 and 8, which all had borderline antibiotic sensitivity, exhibited higher adhesive potential to urinary catheter than did the quinoloneresistant strains (1, 2 and 5). The ability of tested strains to resist bactericidal activity of human serum was evaluated through serum bactericidal assay. The strains showing a 50% reduction of initial bacterial inoculum (bactericidal titre) at higher dilutions of serum were assessed as more sensitive. Strains showing 50% reduction of initial bacterial inoculum only in the lower dilutions of serum were considered resistant. The quinolone-resistant strains with lower adhesive ability tended to be those with relatively low values of serum resistant titres (1:4, 1:2 and 1:2) and macrophage killing indexes (1.9, 1.2 and 2), that is, these strains had relatively high resistance to serum and macrophage bactericidity.
For the starvation test, the selected uropathogenic strains consisted of two quinolone-resistant strains (1 and 5) and two quinolone-sensitive strains (strain 3 and the control referent strain 3588). As shown in Figure 1 , starving cultures of tested uropathogenic strains showed different kinetics in growth and survival capacity in comparison to the referent strain over the 21-day incubation period in saline. While the referent strain 3588 began to decrease its viability at the 4 th day of incubation and lost it at the end of 15 days, the quinolone-sensitive uropathogenic strain 8 showed increasing growth up to the 7 th day of incubation. In contrast, the quinolone-resistant uropathogenic strains 1 and 5 demonstrated increasing growth and survival ability persisting to the end of the starvation period. Of special interest is the finding that some of the E. coli cells harvested from the quinolone-resistant uropathogenic strains at the end of the starvation period showed filamentous morphology.
Discussion
It has been recently observed that an increasing proportion of urinary tract infections is caused by quinolone-resistant E. coli [1] . Recent data suggests that quinolone resistance could be directly associated with loss of virulence, that is, quinolone-resistant E. coli strains express fewer virulence factors than quinolone-susceptible strains [3, 7, 8] . It has been generally assumed that bacteria pay a physiological price -fitness deficit-for their acquisition of resistance to antibiotics [11] . Some mechanisms compensating for these costs of quinolone resistance in E. coli have been found [3, 12] . Our study showed that quinolone-resistant uropathogenic strains of E. coli exhibit significantly reduced adhesive potential but relatively high resistance to serum and macrophage bactericidity. The unusual behavior and high viability of uropathogenic quinoloneresistant strains during starvation in saline raise an interesting question about mechanisms of growth and survival capacity of E. coli under conditions in which nutrient sources are lacking. The elegant study of Zundel et al. has demonstrated that ribosome degradation under starvation conditions becomes a nutrient source for bacteria [13] . Another interesting mechanism for survival is the reutilization of nutrients from dead cells within the population [14] . In our study, the curious viability of quinolone-resistant uropathogenic strains was associated with morphological plasticity and the phenomenon of filamentation. Extreme morphological plasticity of bacteria has been found to provide survival advantages. Filaments have been considered to be the overstressed forms within the population that occur when cell growth continues in the absence of cell division [15] .
In conclusion, our study suggests that quinoloneresistant uropathogenic strains are a highly adaptable clone of E. coli which can exhibit compensatory viability potential under unfavorable conditions. The clinical occurrence of these phenotypes is likely to contribute to survival, persistence and spread strategy of resistant bacteria.
